We report the design and test results of a beam monitor developed for online monitoring in hadron therapy. The beam monitor uses eight silicon pixel sensors, Topmetal-II − , as the anode array. Topmetal-II − is a charge sensor designed in a CMOS 0.35 µm technology. Each Topmetal-II − sensor has 72 × 72 pixels and the pixel size is 83 × 83 µm 2 . In our design, the beam passes through the beam monitor without hitting the electrodes, making the beam monitor especially suitable for monitoring heavy ion beams. This design also reduces radiation damage to the beam monitor itself. The beam monitor is tested with a carbon ion beam at the Heavy Ion Research Facility in Lanzhou (HIRFL). Results indicate that the beam monitor can measure position, incidence angle and intensity of the beam with a position resolution better than 20 µm, angular resolution about 0.5
Introduction
Cancer treatment with hadron beams has seen rapid developments in clinical use over the past 10-15 years [1] . Today, about 70 proton and carbon-ion therapy centers are in operation all over the world [2] . When an ion travels through matter, most of its energy is deposited very close to the end of the trajectory. This is called the Bragg-peak mechanism. By modulating the ion kinetic energy, a local high dose can thus be delivered even to deep-seated the tumors. The dose delivered to the surrounding healthy tissue is typically reduced compared to X-ray radiation therapy and can be minimized further by varying the incident direction of the ion beam.
A standard hadron therapy facility consists of ion sources, an accelerator to bring the ions to hundreds of M eV /u, and beam delivering systems. In the active spotscanning delivery system, scanning magnets deflect the pencil beam to the required transverse position and the accelerator modulates the beam energy to deliver the Bragg peak of the beam to the required longitudinal position [3] .
To ensure accurate delivery of a prescribed dose to the tumor, a beam monitor system is required to measure the beam's intensity, position, and profile in real time. The beam monitor must also have low material budget to reduce the disturbances to the beam.
Currently, parallel-plate ionization chambers with one large electrode or electrodes segmented in strips [3, 4, 5, 6, 7] or pixels [6] are commonly used at hadron therapy facilities to monitor the beam online. The ionization chambers can measure the beam with a sub-millimeter position resolution and with an intensity accuracy of about 1%, which are general requirements of hadron therapy [3, 6] . Moreover, a new device, a Monolithic Active Pixel Sensor (MAPS), is under development for the monitoring of the ion beam [8] .
We are developing an online beam monitor that is based on the TPC (time projection chamber) detection principle [9] . Eight silicon pixels sensors, Topmetal-II − [10] , are used as an anode array. Here, we demonstrate that this beam monitor measures the position of the beam with a better than 20 µm resolution and the angle of the beam with about 0.5
• resolution. These characteristics could, in the future, improve the accuracy of hadron therapy.
In part 2 we describe the silicon pixel charge sensor Topmetal-II − and the design of the beam monitor that uses this sensor. We show measurement results at HIRFL in part 3 and a comparison with ionization chambers in part 4.
Design of the beam monitor

Topmetal-II
− is a charge sensor, fabricated using a CMOS 0.35 µm technology [10] . The sensor has 72 × 72 = 5184 pixels. The pixel size is 83 × 83 µm 2 . This leads to a charge sensitive region of 6 × 6 mm 2 . Each pixel has a 25 × 25 µm 2 exposed top layer metal pad that collects the charge (hence the name Topmetal), a charge sensitive amplifier (CSA), an analog readout chan-nel and a digital readout channel. The CSA converts the charge into an analog voltage signal. As we only use the the analog readout of the senor in the monitor, we will not discuss the digital readout in this paper. In the analog readout, the voltage signal from the CSA goes through two pixel level source-follower stages and then is routed through a chip level analog buffer to be read out. The analog Equivalent Noise Charge (ENC) of the sensor is measured to be below 15 e-. The sensor response to injected charges is linear [11] .
We employ the TPC (time projection chamber) detection principle [9] in our beam monitor design, shown in Fig.1 . The beam monitor locates at the end of the beam line, in ambient air and at room temperature. When the hadron beam passes through the electrodes, electrons and ionized air molecules are generated and start to drift under the influence of the applied electric field. The electrons are quickly captured by neutral oxygen or water molecules in the air, forming negative ions [12] , which are then detected on the Topmetal-II − sensor acting as the anode of the TPC. The slow drift velocity and heavy mass of these ions (compared with electrons used in ionization chambers) contribute to the improvements in measurement resolution. The slow drift velocity also better matches the shaping time in Topmetal-II − . Alternatively, with opposite polarity of the electric field, the positive ions could be directly detected. Note that due to the diffusion of the ions, the distribution of the negative ions should be somewhat broader than the initial beam, but this effect can be corrected.
In the final design, it is planned to place two monitors in the beam with the drift fields orthogonal to each other. Each monitor provides a 2-dimensional projection of the beam on the anode plane. The beam profile and the incidence angle can then be reconstructed from the two orthogonal projections.
Shown in Fig.1 , eight Topmetal-II − sensors are lined up to form the anode of the TPC (the monitor). The sensor area including the readout circuits is 8×9 mm 2 , the sensitive region is 6 × 6 mm 2 . This leads to a dead area of 5.4 mm between the sensors. The anode is set to the ground, while the cathode, which is 6 cm from the anode, is at -2000 V potential. The field cage is used to make the electric field perpendicular to the electrodes [13] . The analog readout of the sensor uses a rolling shutter method with a 1.5625 MHz clock. The eight sensors are read out in parallel, however, in this study we show data from only one sensor, because scanning of the ion beam was not possible at the time of the experiment. The readout time for one frame of the whole monitor is about 3.3 ms.
Measurements at HIRFL
We tested the monitor in the former superficially-placed tumor therapy terminal at the Heavy Ion Research Facility in Lanzhou (HIRFL) China [14] . The scanning magnets in the beam delivery system are shut down and the beam delivery system delivers a 80.55 M eV /u carbon ion beam. The beam is time-continuous. The beam passes through a 30 mm long collimator and then through the monitor. The collimator has two different inner diameters of 2 mm and 3 mm to choose. Because in the monitor there are gaps between the sensors, and the ion beam can not be moved, the position of the monitor is adjusted manually to ensure that the ion beam is well centered on one sensor.
Two-Dimensional Projection of the Beam
Every 3.3 ms the monitor can provide a two-dimensional projection of the beam, thus measuring its position, incidence angle and intensity.
In the test, the carbon ion beam passes through the collimator with a 2 mm inner diameter and then the monitor. The two-dimensional projection of the beam on the monitor is shown in Fig.2 . The data is from a single 3.3 ms readout slice. The center of gravity of each row of the two-dimensional projection is calculated by
where s i is the response of the pixel in the i th column and x i is the coordinate of the pixel in the i th column. The centers of gravity from 72 rows are fitted linearly, as the red line in Fig.2 shows. Here, we assume the beam is a straight line and the fitted red line represents the beam. The fitted red line is defined as the center position of the beam in each row. The angle between the red line and the positive z-axis is defined as the incidence angle of the beam. For the given position of the monitor, the incidence angle is about 9
• . The sum of the response of all pixels is defined as the intensity of the beam.
Note that in Fig.2 some white bins exist. The corresponding pixels are considered bad pixels. The CMOS technology is unable to make the internal circuits of all pixels identical, leading to different decay time constants. If the decay time constant of a pixel is too small (in this case <3.3 ms), the response of the pixel would disappear rapidly. Such pixels are called cold pixels. If the decay time constant of a pixel is too large, the pixel would be saturated when continuous charges are collected. Such pixels are called hot pixels. However, the classification of hot pixels not only depends on the decay time constant, but also on the collected charge. Both, cold and hot pixels have been removed in Fig.2 for the calculation of the position (X cog ) and the beam intensity. Moreover, the different decay time constants of the pixels lead to a nonuniformity [11] , meaning that the responses of the pixels are different while the pixels collect the same charges. This causes the two-dimensional projection of the beam shown in Fig.2 to be not completely smooth. The angle between the red line and the positive z-axis is defined as the incidence angle of the beam. The incidence angle is about 9 • . The sum of the response of all pixels is defined as the intensity of the beam. The two-dimensional projection of the beam is not smooth, which results from the nonuniformity of pixels. The white bins are bad pixels with a too large or too small decay time constant.
In Fig.3 we show the one-dimensional projection of 
Performance of the Monitor
The monitor is designed to measure the fluctuation of the beam position, beam angle and beam intensity. The performance is studied with a continuous data acquisition. In this test the beam passes through the collimator with a 3 mm inner diameter and then the monitor in the direction almost parallel to z. The monitor samples 8089 frames during 27 s. These data are used to show the fluctuation of the beam as a function of time and analyze the position resolution, angular resolution, intensity accuracy of the monitor.
In Fig.4 we show the center position, angle and intensity of the beam as a function of the frame number. One frame represents 3.3 ms.
The beam monitor position resolution is a paramount parameter to fulfill the accurate beam delivering. In the test we don't have a calibrated position detector to measure the beam position independently, and the position fluctuates strongly from frame to frame, as is shown in Fig.4 . Therefore, we adapt the following method to calculate the position resolution. We assume the beam is a straight line, has a stable position in one frame, and the fitted red line represents the beam. The distance vector between the center of gravity (black point) of each row and the fitted red line is defined as the delta position. For one frame, the delta position of each row is shown in Fig.5 . The standard error of the delta position is defined as the position resolution.
In the monitor, each frame can give the beam position resolution. The distribution of the position resolution for the 8089 frames is shown in Fig.6 . The most probable value of the position resolution is 17 µm.
The angle between the red line and the positive z-axis is defined as the incidence angle of the beam. Each frame can give a beam angle. The distribution of the beam angles for the 8089 frames is shown in Fig. 7 . The RMS of the The dose deposition to the tumor largely depends on the beam intensity and the beam from the accelerator is time-varying. We adapt the following method to calculate the intensity accuracy of the monitor. The Topmetal-II − contains 72 rows, which are divided into two parts, each part of 36 rows. We assume in one frame the beam doesn't vary and the beam intensity in the upper part and lower part is the same. That means the beam is measured twice repeatedly. In one frame, the charges of all the pixels in the upper part are summed as Q up and that in the lower part are summed as Q down . ∆Q = Q up − Q down , Q = (Q up + Q down )/2. The distribution of ∆Q/Q of the 8089 frames is shown in Fig.8 . The mean of the distribution of the ∆Q/Q approximates zero. The RMS of the distribution of the ∆Q/Q, defined as the beam intensity statistical accuracy, is 2%.
Comparison with Ionization Chamber
The monitor based on silicon pixel sensors can provide better than 20 µm position resolution and measure the angle of the beam with about 0.5
• resolution. For parallelplate ionization chambers, the mm-scale width of strips typically restricts the position resolution of that dimension to >0.1 mm.
Moreover, in the parallel-plate ionization chamber, the ions and electrons are produced along the direction of the beam and then move under the electric field, in parallel with the direction of the beam, as shown in Fig.9 . The ions moving along the beam have a significant probability of recombining with the electrons then. With the pencil beam size smaller and intensity higher, the density of ions and electrons produced along the beam also becomes Qup is the summation of the charges of all the pixels in the upper 36 rows and Q down is the summation of the charges of all the pixels in the lower 36 rows in one frame. ∆Q = Qup − Q down , Q = (Qup + Q down )/2. The RMS of the distribution is 2% which is the beam intensity statistical accuracy. The shape is fitted with a Gaussian shape and it is shown here as red curve for eye-directing purpose.
larger, which results in a higher recombination rate. This signal lost due to recombination will result in inaccurate measurement of beam intensity [12, 15] . For the monitor we are proposing, the ions and electrons produced drift under an electric field which is perpendicular to the direction of the beam, see Fig.1 . Thus, the recombination rate of the ions and electrons should be less compared to ionization chambers. Therefore, the monitor proposed in this paper contributes to reduce the recombination rate for the sharp pencil beam.
Conclusion and Outlook
The monitor using the silicon pixel sensors Topmetal-II − has been developed for online monitoring in hadron therapy. Different from the ionization chamber, the monitor is based on the TPC detection principle. The monitor provides better than 20 µm position resolution which is higher than the current ionization chambers. In principle, the monitor contributes to reduce the recombination rate for the sharp pencil beam. It provides about 0.5
• angular resolution.
There is an on-going updated design of this monitor, which includes 2 sets of lined sensor arrays in perpendicular angle. This will provide the 2-dimensional profile of beams injected and passing over both arrays with good resolution in both x-z and y-z dimension. Furthermore, this new design eliminates possible effects of dead area between neighboring sensors, since the array in each dimension contains two lines of eight sensors aligned staggered (32 sensors in total), such that whenever the beam passes over space between sensors in one line, it will be caught by one sensor in the neighboring line.
In the active spot-scanning delivery system, the capability of instantaneous online monitoring of the beam energy is very important. The deflection angles of the ions of different energies are different in the magnet field. We can measure the beam position before and after the magnet field. By comparing the difference of the beam positions before and after the magnet field, we should get the energy profile of the beam. The silicon pixel sensor Topmetal-II − with a pixel size of 83 µm is suitable for position sensitive detectors.
